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INTRODUCTION 

The k y e r s '  Process i s  a new approach(') f o r  m e t i n g  federal and 
s ta te  su l fur  oxide emission standards f o r  coa l - f i red  e l e c t r i c  u t i l i t i e s .  
The process removes up t o  80% o f  the s u l f u r  from coal through chemical 
leaching of p y r i t i c  s u l f u r  w i th  aqueous f e r r i c  su l fa te  solut ions a t  
temperatures of  5 O o - 1 3 O 0 C  (eq I ) .  

FeS2 + 4.6  Fez ( S O I , ) ~  + 4.8 H20 - 10.2 FeSO4 + 4.8 H2SO4 + . 8  S 

The leaching agent i s  regenerated at  s i m i l a r  temperatures using oxygen 
(eq 2 ) .  

(1) 

2 . 4 0 2 +  9.6 FeS0~,+4.8 H2SO4 -+ 4.8 Fez  SOL,)^ + 4.8 H20 (2  1 
and sulfur and i ron-su l fa tes  are removed as reaction products. The 
s e l e c t i v i t y  for p y r i t e  i s  h igh w i t h  l i t t l e  o r  no reaction o f  the re- 
agents wi th  the coal matr ix being found f o r  Appalachian coal. 

Although only p y r i t i c  su l fu r  i s  removed (organic bound s u l f u r  re- 
mains), the Meyers' Process has wide a p p l i c a b i l i t y  f o r  converting US 
coal reserves t o  a su l fu r  leve l  consistent w i th  governmntal standards 
fo r  su l fu r  emissions from power p lants  and indust r ia l  sources. Samples 
from coal mines i n  Montana, through Iowa, I l l i n o i s ,  Ohio, Pennsylvania, 
West V i rg in ia  and Kentucky, representing a wide range o f  US production 
and reserves have been desulfurized t o  meet these standards u t i l i z i n g  
the Meyers' Process (Environmental Protection Agency Contract 68-02- 
0647). 
jar  sulfur reductions f o r  the coals tested without severe coal re jec t  
losses. 
sul fur  contents of Appalachian coals (70% o f  current US coal production). 
the process appears t o  have major impact i n  t h i s  area. 

Physical cleaning has general ly been unable t o  accomplish simi- 

Because of the . re la t i ve ly  h igh p y r i t i c  su l fu r  and Iw organic 

The concept o f  chemically removing pyr i tes  f ran  coal has not  here- 
tofore been thought p rac t ica l  as a so lut ion t o  the su l fu r  oxide a i r  pol- 
l u t i o n  problem, even though i t  i s  wel l  known tha t  pyr i tes  may be oxida- 
t i v e l y  converted t o  soluble sulfates by strong ox id iz ing  agents such as 
n i t r l c  acid, hydrogen peroxide o r  chlorine. These ox id iz ing agents are 
not seriously advanced as the bases o f  processes for  lowering the s u l f u r  
w n t e n t  o f  coal as they a lso  ser ious ly  ox id ize the coal matr ix. 
more, n i t r i c  acid n i t r a t e s  coal and ch lor ine rea t l y  incrcases the chlo- 
r i n e  content o f  coal. A nunber o f  groups(2v3? have investigated the use 
of  hot a l k a l i ,  but have abandoned t h i s  approach presmably because much 
of the input base reacts w i t h  coal s i l i c a t e s ,  aluminates and the organic 
matr ix ,  causing excessive reagent and coal losses. 

Further- 
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Aoratlon o f  coal In  aqueous suspenslon has o f ten  been suggested 
f o r  cmvarslon o f  the p y r l t l c  su l fu r  content o f  coal t o  a soluble sul-  
fate, as It 1s known tha t  the mechanlsm of ac id  mine dralnage involves 
slar mvors ion  of p y r l t e  t o  soluble sul fate.  However, attempts t o  
spaad up t h i s  process under favorable condlt lons o f  a l r  supply, tempe- 
rature and f lnamss o f  coal have only resulted I n  a reductlon o f  reol-  
danco tIm t o  w u k s  or months rather than years (2 ) .  
thought posslble t o  devise a p rac t lca l  process f o r  chemlcrl ly removlng 
or dissolving the p y r l t l c  su l fu r  content o f  coal. 

50 larch so lu t ion  rcgenaratlons have been performed t o  date (Envlronmen- 
t a l  Protection Agency Contract EHSD 71-7) f o r  the purpose o f  de f ln lng  
mktion k lne t ics .  A t yp ica l  e esslon f o r  p y r l t i c  su l fu r  removal from 

Thus, It was not 

k n c h - r u l e  tes ts  o f  more than 200 f e r r i c  solut lon extract ions and 

(from L y r  Kl t tannlng coal) i s  9 u  : -*- KL UP2 Y2 w t  of p y r l t e  removed/100 wts o f  (3) 
coal/hour 'L 

whore, 

up 
Y 

\ - AL exp(-EL/RT), a functlon of temperature and coal p a r t i c l e  size, 

w i g h t  percent p y r i t e  i n  coal, 

= f a r r l c  ion t o  t o t a l  iron weight r a t l o  i n  leacher, and 

and for f e r r i c  ragenera~t ion(~) :  

(4) . ,wl --$ [02][Fs+2]2 - moles O f  f e r r i c  1 0 n  
ngonaratad par unlt t ime ,  

whom , 
[OZ] - oxygan p a r t l a l  pressure i n  atmosphores, 

\ - AR axp(-ER/RT), a funct ion o f  temperature only. 

Lxporlrnntal resu l ts  for  both Meyers' Process extract ion and f l o a t  

- f a r r o w  lon concontration I n  moles/ l l ter .  and 

sink tas t lng  (physical .cleaning) o f  nineteen US coals are presented i n  
the fo l lowing soctlon. ' 

RESULTS 

One-ton run-of-the-mlne coal snnplas, reprosantin a t  least  one 
day's production were col lectad fromrach o f  19 coal n!nms by Cormwrclal 
Ta i t lng  and E n g l n r r l n g  Company o f  Chicago, I l l l n o l s .  The coal 
mlnas worn mloc ted  t o  provide lnformatlon on a wide var ie ty  o f  
c o a l  bods m d  raglans wi th  special emphasis on the Applachlan 
Basln. 
range from srrb-bituminous A through low v o l a t i l e  bituminous l n  rank, 
In  t o t a l  su l fu r  from 1.0 t o  6.4%. and I n  p y r l t l c  su l fu r  from 0 . 3  t o  
5.2% w/w (dry. molsture-free basis). 

The coal analyslr  s m r y  (Table I )  shows that the coals 
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Because o f  the widespread app l iw t1on of physical cleaning tech- 
n i q u s  fo r  removal of non-canbustible rock (which Includes varying 
amounts of py r i t e )  from coal (along w i th  some carbon), f loa t -s ink  
f rac t ionat ion  w n  po r fo rmd  t o  doflne the r e l a t i v e  u t i l i t y  f o r  each 
-1 of washing and chemical desul fur izat ion.  The sumnary chart 
(Table 2) o f  p y r i t i c  su l fu r  removal resu l ts  shows that a) the lbyers '  
Process, a t  i t s  current s ta te  o f  developmnt, removes 83-98% o f  the 
p y r i t i c  su l fu r  content o f  the  19 coals studied, resu l t ing  i n  t o t a l  
su l fu r  content reductions o f  40 t o  82%, b) nine of the coals are reduced 
I n  su l fu r  content t o  the 0.6 - 0.9% su l fu r  levels general ly conslPtent 
w i t h  tho fedora1 standard f o r  new s ta t ionary  sources and many state 
s tanbrds ,  wh i lo  t w o  coats  are reduced belcw 1.0% sul fur  by physical cleaning, 
c) w i th  the oxcoption o f  the Jane and L u u s  mines, the k y e r s '  Process 
r h v e s  s l g n l f l u n t  t o  wry large Increments of su l fu r  over that  sepa- 
r d l o  by physical cleaning, and d) In  one case, the Mathies mine, coal 
claaning resu l ts  i n  a s u l f u r  content Increase. 

Stat. emission regulations f o r  disch r e o f  su l fu r  oxides from 
u t l l l t y  and large Indus t r i a l  power p l a n t ~ ? ~ Y  can also be met by appl i -  
cat ian o f  the Meyers' Process. The Pennsylvania s ta te  standard fo r  
e igh t  a i r  basins Is approximately 1.1% sulfur, for  coal o f  25mn b t d t o n .  
The Marion, Mathies. B i r d  N0.3 and Delmont mines a11 meet t h l s  standard 
a f t e r  chemical desu l fu r iza t ion  but do not meet the  standard a f t e r  
e f f i c i e n t  physical cleaning. These coals could also be transported t o  
k Jersey o r  New York t o  meet t h e i r  s ta te  standards o f  approximately 
I.O%,and 1.8 and 2.4% su l fu r ,  respectively. 
mines would m e t  the'b8 county standards'' o f  approximately 2% SUI fu r  f o r  
the state o f  Ohio a f te r  treatment by the Heyerr' Process, whereas e f f i -  
c i en t  c l e m l n g  o f  these coals reduces t h e i r  s u l f u r  content t o  only 2.8 
m d  3.3%. 

The Heiggs and Powhatan No.4 

The Cunp mine I n  western Kentucky meets the state standard f o r  
' P r i o r i t y  3'regions of less t h i n  2.3% s u l f u r  a f t e r  treatment by the Heyers' 
Process, whorea physical cleaning reduces the t o t a l  content o f  t h l s  coal 
t o  2.9%. Tho Humphrey No.7 mine i s  reduced t o  1.5% su l fu r ,  vhlch m e t s  
the VIst V i rg in ia  standardsfor 'kegions 2 and 9 ' o f  1.7 and 2% respectively, 
wherras physical cleaning reduces the su l fu r  content t o  1.9%. 
mlne In  Iowa i s  reduced t o  2.3% s u l f u r  by the Heyers' Process which 
meets th. s ta te  requirement o f  approximately 3.1% su l fu r .  Physical 
cleanlng doer not mt the standard, reducing the su l fu r  content to 3.8%. 

sulfur and su l fa te  ranoval and especial ly u t i l i z a t i o n  o f  p h y s i u l l y  
cleaned coal w i l l  cause most coals t o  be further reduced i n  su l fu r  
content t o  the "95% removal'' level  shown in  Column 4 o f  Table 2. 

The Weldon 

We feel tha t  process improvements such as more e f f i c i e n t  residual 

in  comnarcial pract ice fo r  production o f  clean fue l ,  i t  i s  very l i k e l y  
tha t  an opt inun process cost and product will be obtained by cloanlng coal 
prior t o  f e r r i c  su l fa te  leaching,to r e m o  rock and sane o f  the larger 
py r i t e  p a r t i c l o r .  There are prel iminary indicat ions tha t  the e f f i c iency  
of the Heyerr' Process may be enhanced by u t i l i z a t l o n  o f  p h y s l u l l y  
cleaned coal. 
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A mre deta i led coal malysis s m r y  f o r  coals t . r tod.by thm 
h y m n '  P m c o s s  i s  sham i n  Table 3 .  Therm resu l t s  rho* that  a) a 
masurad haat content r i s e  o f  up t o  5 - 10% IS obtalnad fo r  tho 
Appalachian and s a m  o f  t lm I n t a r l o r  Bnln -Is, whila on a dry 
mineral nut tar  and p y r i t e  hoat contant frw basis, hoat contmt  
changos are ossan t ia l l y  nag l i g ib lo  n t o  ba a r p c t a d  f o r  m g l l g l b l a  
r u c t i o n  o f  tho coal organic mattar, b) the Co ls t r i p  (wortam) md 
Orient No.6 (eastern I n t e r i o r )  coals shoc rmll hoot ontmt lans ,  
c) ash removal. In  addi t ion t o  that  accomtod to r  by p y r i t e  &c- 
was observed i n  varying d.grms f o r  a l l  coals, d) a Incroara I n  
organic su l fu r '  content i n  excess o f  that  f o r  ash m a l  occurs for 
sone coals whi le )nu1 1 decreases occur f o r  othars. 

As the Appalachim Basin provides most o f  tho US coklng ccml 
production, i t  was deemed dor l rab le t o  obtain fm swel l ing 1nd.x 
(FSI)  data on t h a m  coals. 
r q u l r a d  t o  obta in  assurmc. of ra tant ion o f  coking p r o p o r t l a  a f t o r  
Ckyarc' P r o o s s  t n a t m n t .  FSI valuas o f  5 - 8 m n u m d  f o r  tho 
Appalachim coals s b d  no s l g n i f l u n t  chmg. a f t a r  p.rocosring. 

, 

Actual coke-om t as t l ng  Is, o f  couru, 

EXPERIMENTAL METHOD 

Chemicrl Removal o f  P y r i t i c  Sul fur .  

adapted from the bench-scale ~ t u d l e s t ( ~ f  w i th  the obJactiva o f  ob- 
ta in ing 90% - 100% p y r l t l c  s u l f u r  remva l  and o f  s lnu la t l ng  procars 
dosign as near ly n pobrIble, consistent w i t h  a f f i c l a n t  laboratory 
aperatlons. 

t o  give  high u t r a c t l o n  rates a d  t o  bo meat r a t l r f a c t g  f o r  I.borr- 
tory scale smpl lng ,  although coal top slras  up t o  -1/4" h m  b a n  
tasted and give masonabla although d d  m t l m  r 8 t - m  

Tha general condi t ions fo r  p y r i  1 s u l f u r  ramoval h m  ban 

Mash Slra - coal gromd t o  100 m s h  x 0 o r  fimr h n  bm found 

Ferr ic  ion Concentration - f a r r l c  su l fa ta  so lut ion I! I n  f o r r i c  
Ion appars  t o  be optlnnm, although d l f f a m o s  duo t o  a m a n t r r t l o n  
change do not appoar t o  be gmot.  

Roaction Tanporotun - tho roactim t.np.r.tun a hold  a t  th. 
ro f l ux  temperatun o f  I! f e r r l c  su l fa ta  so lut ion uhleh i s  -irrtaIy 
102.C. This a l l a s  a moronably h igh  react ion r a t e  a d  yot d o n  not 
roquire pressure equ lpnnt .  

h a t i o n  T i m  - e r h  coal was laached a t o t a l  of 10 - 24 hours 
dopndlng am the ch r rac te r i s t l cs  of th i n d i v l d u r l  c a l  baing t r ra tod.  

Ferr ic  ion t o  Total iron Ratio(') - r l n u  tho rate of p y r l t a  
removal Ir s1-d substant ia l ly  by forrour ion .ecunuIa t lm (H. 
eq 3 ) ,  e r h  coal w n  tma ted  mder omdi t lons  h s l g n e d  t o  k n p  Y 
>0.80 by one o f  the f o l l a l n g  mans: 
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increasing the solvent t o  coal r a t i o  (w/v) from a 
nomlnal IO t o  a maximum o f  40 

Changing the leach so lu t lon  a f t o r  3 - 6 hours o f  
r w c t  ion o r  more o f ten  i f  requl red 

A canblnatlon o f  the above. 

Post Smple Treatment - a f t e r  treatment, the samples were 
thoroughly washed t o  remove any residual leach so lu t ion  and then 
dr l rd.  A l l  s m p l e  calculat ions w e n  dom on a dry basis I n  order 
to al imlnate var iables d m  t o  wetness o f  the coal. Sulfur f o n s  
m d  proximate analysis have been obtalnsd f o r  each treated coal 
smple. 

The exact procedure i s  descrlbed below: 

One hundred g r m  o f  100 m s h  x 0 coal were added t o  2-1 
re f lux lng  I N  f e r r l c  sul fate so lu t ion  contained I n  a 4-necked 
3-1 glass c ~ l l n d r l u l  react ion vessel equlpped w l t h  a mechr 
n l c a l  s t l r r e r .  re f l ux  condenser and a thermocouple attached 
t o  a recorder. Each vessel also had a stopcadc a t  the bottom 
for taklng smples  and was heated by a speclal ly constructed 
heating mantle. Af ter  the coal addl t ion,  an addl t lonal  0.5-1 
I N  f e r r i c  s u l f a t e  so lu t ion  was used t o  wash dmm the sides o f  
t& vessel. 
m d  tha leaching process was considered started. Then, t h e  
reactlon mlxture, which was a t  814.C. was rap ld ly  brought 
t o  re f lux ,  a process tha t  takas 8 - 12 mlnutes. 
smples f o r  each Iron analysls were taken by d r n l n g  a 200 m l  
a l i quo t  o f  t he  react ion mlxture from which a 20 m l  sample 
w s  taken and cooled lmnadiately t o  0.C. LLnused material was 
returned t o  t h e  react ion f lask.  
was centr l fuged t o  remove a l l  suspended sol ids and 10 m l  of t h l s  
was used f o r  Iron analysis. Any remaining coal or leach solu- 
t i o n  was returned t o  the react ion f lask.  

A t  t h i s  polnt, the to so lu t ion  sample was taken 

Leach so lu t ion  

A f te r  u a l l n g ,  a 14 m l  a l i quo t  

A f te r  4 - 6 hours when Y was reduced to appmxlmte ly  0.8,  
tho haating was stopped and the react ion mixture was drained 
from the f lask ,  f l l t e r e d  m d  sucked as dry as posslble. The 
f l n a l  react ton volume and approximate solvent retention on the 
coal were then determined. 
s l u r r i e d  w l t h  200 m l  fresh f e r r i c  su l fa te  so lu t ion  a t  30.C and 
a d h d  t o  2-1 fresh I t  f e r r i c  su l fa te  so lu t lon  a t  ref lux.  Anothor 
300 m l  f e r r i c  su l fa te  was used t o  wash any residual coal I n to  
the f lask .  A to leach so lu t lon  smple was taken ImnadIately 
and the e n t i r e  react ion mlxture was brought t o  re f l ux  I n  6 - 
12 minutes. Leach so lu t lon  samples were taken a t  n g u l a r  In te r -  
vals, and a f t e r  a to ta l  elapsed r w c t l o n  t l m e  o f  IO t o  24 hours, 
the reaction mlxture was drolned fran the react ion f l a k .  fll- 
tared and washed clear w i th  0.5-0.1-1 water. 

The wet, unwashed coal was then 
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The extracted coal was s l u r r i e d  w i t h  2-1 o f  water o r  1K su l -  
f u r i c  ac id  o f  40°C  f o r  2 hours, f i l t e r e d  and then s t l r r e d  w i t h  
another 2-1 a t  s80'C f o r  an addi t ional  two hours. After f i l t r a -  
t l on ,  t h i s  procedure was repeated w i t h  2-1 water a t  *8OoC. If 
scheduling d id  not permit coal to be extracted w i t h  toluene im-  
mediately, i t  was s t i r r e d  a t  s50°C f o r  an extended per iod u n t l l  
i t  would be f i l t e r e d  and extracted. 

A f te r  the ext ract lon o f  residual su l fa te  and i ron,  the wet 
coal was t ransferred i n t o  a 1 - 1  round bottom f lask  equipped w i t h  
a mechanical s t i r r e r  and Dean-Stark t rap.  Then 400 m l  toluene 
was added and the mixture was brought t o  re f l ux .  
t inued u n t i  1 a1 1 the water was areotroped o f f  (approximately 
0.75 - 1.25-hr and 50 - 75 ml) plus another 15 minutes. The hot  
so lut ion was then f i l t e r e d ,  washed w i t h  50 - 75 m l  toluene, and 
then dr ied  i n  a vacuum oven a t  100 - 120°C. This coal was then 
weighed and analyzed. 

This was con- 

FLOAT-SINK TESTING (Commercial Testing S Engineering Co.) 

and 14 mesh x 0 port ions obtained from the i n l t i a l  sampling of  the 
coals were f ract ioned according t o  standard f loat -s ink procedures 
using organic l iqu ids  o f  1.30, 1.40, 1.60 and 1.90 spec i f i c  g rav i t ies .  
Head samples f o r  each s ize (or gr ind) ,  each grav i ty  por t lon  and the 
two 100 mesh x 0 samples were analyzed on a dry basis f o r  % w/w ash, 
t o t a l  su l fu r  and p y r i t i c  su l fur .  The raw data was then used t o  cal- 
cu late washabil i ty data showing cumulative recovery and cumulative re- 
j e c t  a t  the various spec i f i c  g rav i t ies  f o r  each o f  the s ize  port ions. 

Five hundred pounds each o f  the 1-1/2" x 100 mesh, 3/8"x 100 mesh 

4 
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